Does AMP-activated protein kinase negatively mediate aged fast-twitch skeletal muscle mass? Exerc. Sport Sci. Rev., Vol. 36, No. 4, pp. 179Y186, 2008. The activity of 5 ¶ -adenosine monophosphate (AMP)Yactivated protein kinase (AMPK), a negative regulator of cell size, is up-regulated with age in resting and overloaded fast-twitch skeletal muscle but not slow-twitch muscle. Here, we provide evidence to support the hypothesis that elevated AMPK activity plays a potentially important integrative role in the age-related atrophy and diminished capacity for growth specific to fast-twitch skeletal muscle.
INTRODUCTION Skeletal Muscle Aging
Skeletal muscle wasting with age, or ''sarcopenia,'' is a significant clinical problem and results in a loss of functional independence and quality of life in the elderly. Overall skeletal muscle atrophy with age is due to a reduction in muscle fiber size and number (29) , and it is well established that individual fiber atrophy with age is specific to the fasttwitch fiber, and not slow-twitch fiber, population (29) . Although interventions such as resistance exercise training can produce clinically important gains in muscle strength and fiber size in the elderly (14) , fast-twitch fiber hypertrophy with resistance training is reduced with age, even when slow-twitch fibers significantly enlarge (14, 27) . Impaired growth has also been noted in chronically overloaded fast-twitch, but not slow-twitch, skeletal muscle of old rats (25) . The cause(s) of fast-twitch fiber-specific atrophy and decreased growth capacity in aged skeletal muscle are still being elucidated. Based on our work (9,24Y26,30) and that of others (7) , we propose that elevated 5 ¶ -adenosine monophosphate (AMP)Yactivated protein kinase (AMPK) activity plays a potentially important integrative role in the age-related atrophy and diminished capacity for growth specific to fast-twitch skeletal muscle.
AMPK and Control of Cell Size
AMPK has been called an intracellular ''fuel-gauge'' that is activated during metabolic stresses (energy depletion), when AMP/adenosine-5 ¶ -triphosphate (ATP) and inorganic phosphate (P i )/phosphocreatine (PCr) ratios are high (11) . Activation of AMPK occurs by both covalent (Thr 172 phosphorylation via upstream kinases such as LKB1) and allosteric means (direct binding via AMP) (11) . In skeletal muscle, AMPK activation results in metabolic alterations geared toward restoring and maintaining short-and longterm energy balance within the cell. In general, glucose/lipid catabolism, glycogen storage, and mitochondrial biogenesis are stimulated, whereas energy-consuming anabolic processes such as the synthesis of fatty acids and proteins are inhibited (11) . The widely accepted paradigm in most cell types is that AMPK regulates the homeostatic balance between cell growth and cell atrophy, allowing the cell to either focus on ATP production to support cellular metabolic needs or ATP use for maintenance/growth of cell size depending upon the cell's energy state.
Compared with young muscle, aged skeletal muscle displays higher AMP and lower PCr concentrations at rest and after exercise (3) . AMPK, a negative regulator of cell size, is normally activated by such high-energy phosphate disturbances (11) . Thus, the central hypothesis of this article is that AMPK activity is elevated in aged skeletal muscle and plays a potentially important integrative role in the atrophy and decreased growth capacity of aged fast-twitch skeletal muscle. Specifically, we provide evidence that AMPK negatively mediates overload-induced growth in aged fast-twitch muscle, in part by suppression of translational signaling. We further provide evidence that chronic AMPK activation in resting muscle leads to basal fiber atrophy and death, a phenomenon seen in sarcopenic muscle.
Potential mechanisms by which AMPK may exert its effects are discussed under the premise that cellular mechanisms affecting muscle fiber size must influence the balance between protein synthesis versus protein degradation and/or the balance between myonuclear addition (via myogenic precursor cells, including satellite cells) versus nuclear apoptosis. All four of these processes are altered in aging muscle, leaning the balance toward fiber atrophy and diminished growth (5, 21, 28, 29) . Interestingly, AMPK plays a major integrative role in protein synthesis/degradation balance in young skeletal muscle (4, 15, 17, 24) , and support is provided that elevated AMPK activity may alter this balance with age. Although little to no data exist as to whether AMPK mediates myonuclear addition and/or apoptosis in young or aged muscle, the very intriguing possibility of AMPK's proapoptotic and/or antiapoptotic role in skeletal muscle is nevertheless discussed by drawing parallels from other cell types.
AMPK AND LOADING-INDUCED MUSCLE GROWTH

Chronic Overload
Because age-related atrophy and decreased growth capacity is specific to fast-twitch skeletal muscle, we postulated that 1) AMPK activity would be elevated with age in resting and chronically overloaded fast-twitch muscle but not in slowtwitch muscle, and 2) this elevated AMPK activity would correspond with atrophy and diminished overload-induced growth in fast-twitch muscle but not in slow-twitch muscle. We indeed found that AMPK phosphorylation exhibits a five-fold elevation with age in resting fast-twitch plantaris muscles of Fisher 344 Â Brown Norway F1 hybrid male rats, but not in slow-twitch soleus muscles, which corresponded to significantly greater atrophy in the fast-twitch muscles ((25); Fig. 1 ). Moreover, this age-related AMPK hyperphosphorylation was maintained in 7-d overloaded fast-twitch muscles (after unilateral surgical ablation of the synergistic gastrocnemius muscle), whereas still no differences were found in overloaded slow-twitch soleus muscles ((25); Fig. 1 ). As expected, fast-twitch plantaris muscle hypertrophy was significantly attenuated by greater than 70% with age, whereas slow-twitch hypertrophy was not diminished with age ((25); Fig. 1 ). All AMPK phosphorylation data were also confirmed by acetyl coenzyme A carboxylase phosphorylation as an index of in vivo AMPK activity.
The data in Figure 1 may seem paradoxical, whereby AMPK (known to inhibit protein synthesis and cell growth) is activated in fast-twitch muscle in response to the overloading stimulus (known to promote protein synthesis and fiber growth). However, this likely emphasizes the importance of AMPK in controlling a homeostatic balance between energy production needs (loading activity) and energy-consuming anabolic requirements stimulated by adaptive growth signals. Thus, the degree to which AMPK may negatively mediate muscle growth likely depends upon its ''set point'' as determined by energy balance, and this set point is elevated in aged fast-twitch muscle. In fact, there was a tight negative correlation between AMPK phosphorylation status and percent hypertrophy in the overloaded fast-twitch plantaris muscles, a correlation that was not significant in the slow-twitch soleus muscle ((25); Fig. 2 ). Still, it is evident that, even in the slow-twitch soleus muscle, there is a definitive threshold for AMPK phosphorylation above which hypertrophy seemed limited.
To further establish whether AMPK hyperactivation negatively mediates fast-twitch skeletal muscle growth in aged animals, we performed two more chronic overload experiments (30) . In young adult rats, we accentuated AMPK activation by continuous local perfusion (via osmotic pump and catheter) of 5-aminoimidazole-4-carboxamide-1-beta-Dribofuranoside (AICAR; an AMPK activator) onto fast-twitch plantaris muscles during 7 d of overload. Conversely, in aged rats, we inhibited AMPK activation by continuous local perfusion of Compound C (an AMPK inhibitor) onto fasttwitch plantaris muscles during 7 d of overload. AMPK manipulation was confirmed by AMPK and acetyl coenzyme A carboxylase Western blotting. As hypothesized, stimulation of AMPK attenuated overload-induced growth in young muscles, and inhibition of AMPK restored the impaired growth in old muscles to as level similar to that seen in young salinetreated muscles (Fig. 3 ). These data confirm that AMPK hyperactivation may at least partly underlie the diminished muscle growth observed in aged fast-twitch muscle with overload and indicate that AMPK inhibition may be a potential target for restoration of this growth in fast-twitch muscles of aged animals.
We also found evidence that elevated AMPK activity may inhibit growth of aged fast-twitch muscle by inhibiting mammalian target of rapamycin (mTOR) and its downstream translational signaling intermediates, 70-kDa ribosomal protein S6 kinase (S6K), ribosomal protein S6, eukaryotic elongation factor 2, and eukaryotic initiation factor 4Ebinding protein 1. All of these intermediates were suppressed with age in overloaded fast-twitch muscle (26) . Moreover, phospho-S6K at Thr 389 (an mTOR-dependent site), 4Ebinding protein 1 phosphorylation status, and total eukaryotic elongation factor 2 accretion were all positively correlated with percent muscle hypertrophy and negatively correlated with AMPK phosphorylation ((26); Fig. 4 ). This agrees with findings that the protein synthesis response to chronic overload is diminished in aged fast-twitch muscle (20) and that AMPK inhibits skeletal muscle protein synthesis in young muscle by suppressing mTOR-mediated translational signaling (4, 24) , which is vital for overloadinduced skeletal muscle hypertrophy (2) . Collectively, these data lead us to speculate that the severely limited growth response to overload in aged fast-twitch muscle is at least partly a result of elevated AMPK activation and a resultant inhibition of protein translational signaling and protein synthesis. The potential role that AMPK may play with respect to other factors influencing muscle mass (e.g., protein degradation, myonuclear addition, or apoptosis) in chronically overloaded muscle remains to be examined.
Resistance Exercise
Similar to chronic overload, mTOR and downstream translational signaling intermediates respond to an acute resistance exercise stimulus, and this mTOR signaling is essential for further translational signaling and muscle protein synthesis 16 h after exercise (2) . As expected from an acute exercise energy disturbance, AMPK is activated for 1Y2 h after resistance exercise in humans and may partly suppress early translational signaling and protein synthesis (6) . Indeed, we found that accentuating contraction-induced AMPK activity suppresses translational signaling in rat fasttwitch muscle in response to resisted contractions induced by high-frequency electrical stimulation (a model of resistance exercise that produces significant hypertrophy when performed on a repetitive basis) (24) . Thus, after resisted muscle contractions, AMPK activation again seems to act as a homeostatic balance to determine the extent to which protein translation is allowed under the energetic circumstances. Importantly, we have observed a higher AMPK response to high-frequency electrical stimulation in aged rat fast-twitch muscle compared with young (9), and skeletal muscle AMPK phosphorylation demonstrates a prolonged elevation in response to resistance exercise in old versus young men as well (7) . Such results could explain the attenuated translational signaling (19) and the diminished myofibrillar protein synthesis response (23) to resistance exercise in aged fasttwitch muscle.
In addition to potentially suppressing protein synthesis, it is possible that the elevated AMPK response to resistance exercise accelerates protein degradation in aged muscle. In resting muscle, AMPK stimulates myotube myofibrillar protein degradation and induces in vivo and in vitro expression of atrophy-related forkhead box (FOXO) genes and muscle-specific ubiquitin ligase genes such as muscle atrophy F-box (MAFbx, or Atrogin-1) and muscle RING finger 1 (MuRF1) (15, 17) . It is normal for some of these proteolytic genes to respond early after resistance exercise in young muscle (16) ; proteolysis of mixed muscle protein is elevated during the 24 hr after resistance exercise in young muscle but to a lesser degree than protein synthesis (2) . The fact that MAFbx expression responds three-to four-fold more to resistance exercise in the muscles of older women compared with young (21) raises the possibility that greater AMPK activation in aged muscle may be responsible for this accentuated response. Still, it remains to be determined whether this results in muscle proteolysis that is truly greater in aged versus young individuals after resistance exercise because one study observed no age-related increase in muscle interstitial 3-methylhistidine (a marker of myofibrillar degradation) after resistance exercise in men, although resting muscle myofibrillar degradation was greatly elevated with age in that study (28) .
DOES AMPK PLAY A ROLE IN SARCOPENIA?
Gradual basal skeletal muscle atrophy with age (sarcopenia) is perhaps even more clinically significant than diminished overload-induced growth. The fact that AMPK activity displays a five-fold increase with age in resting fasttwitch, but not slow-twitch, muscle ((25); Fig. 1 ) led us to speculate that AMPK may partly underlie basal fast-twitch specific atrophy, an effect not testable by acute AMPK activation studies. Thus, we continuously activated AMPK in the resting muscles of young and old rats for 7 d (AICAR perfusion via osmotic pump and catheter). Importantly, we used slow-twitch soleus muscles for this experiment, hypothesizing that aged slow-twitch muscle (previously displaying neither elevated AMPK activity nor atrophy with age ((25); Fig. 1 ) would exhibit sarcopenia-like properties if AMPK were chronically activated similar to aged fast-twitch muscle. As hypothesized, continuous AMPK activation elicited significant fiber atrophy in both young adult and old muscles (Fig. 5) . Moreover, an additional unexpected finding of continuously activating AMPK in resting muscle was a high frequency of fiber death (Fig. 5) .
The fiber atrophy induced by AMPK activation (Fig. 5 ) agrees with findings that cultured myotube diameter is reduced under conditions in which AMPK activity is upregulated (1) and supports the possibility that chronically elevated AMPK activity may contribute to basal fast-twitch fiber atrophy with age (sarcopenia). Suppression of muscle protein translation and synthesis (4,24) may be one mechanism by which AMPK exerts this effect; however, it is highly doubtful that solely suppressing protein synthesis would elicit the striking fiber atrophy and death observed in just 7 d (Fig. 5 ). Thus, activation of protein degradation pathways is also a likely possibility. As previously mentioned, AMPK is known to stimulate muscle-specific lysosomal and proteasomal gene expression (FOXO, Atrogin-1, and MuRF1) as well as myofibrillar protein degradation (15, 17) . The increased FOXO3A and MuRF1 mRNA expression and increased myofibrillar degradation with age in resting human muscle of mixed fiber types (21,28) may therefore result in part from elevated AMPK activity in the fast-twitch population. Interestingly, some have observed elevated rates of mixed (10) and myofibrillar (13) protein synthesis, along with higher S6K activation (13) , in aged rat fast-twitch muscle. Such a scenario would indicate a futile increase in protein synthesis rate in the face of an even faster degradation rate in these muscles, although still others have conversely observed lower basal protein synthesis in aged muscle (29) . Regardless of protein synthesis differences, an elevated protein degradation rate in aged fast-twitch muscle fibers likely plays a role in subtly, and over a long period of time, altering the synthesis-degradation balance toward gradual atrophy. We propose that chronically elevated AMPK activity may play a role in this phenomenon.
The possibility that continuously elevated AMPK activity affects the balance of myonuclear addition versus nuclear apoptosis in aged fast-twitch muscle is intriguing. Unfortunately, few data exist concerning AMPK's potential involvement in either phenomenon in skeletal muscle. Certainly, suppression of basal myonuclear addition cannot account for the rapidity with which AICAR induced fiber atrophy and death (Fig. 5) , and whether these effects were due to apoptotic mechanisms and/or more general fiber necrosis remains to be determined. However, AMPK does seem to play a key role in apoptotic signaling in mononucleated muscle cell types, including smooth muscle cells, cardiac myocytes, and immortalized (C2C12) skeletal myoblasts (8, 18) . It is currently unclear whether AMPK is proapoptotic or antiapoptotic in these cells because there is somewhat equivocal evidence to support both.
In contrast to mononucleated cells, apoptosis in mature multinucleated skeletal muscle fibers does not necessarily mean fiber death but is more associated with fiber atrophy as the myonuclear domain volume remains relatively constant. It is unknown whether nuclear apoptosis leads to pro-tein degradation and fiber atrophy or vice versa (i.e., fiber atrophy leads to nuclear apoptosis, which maintains a constant myonuclear domain volume). As might be expected, the frequency of apoptotic nuclei is well known to be increased in aged atrophying muscle fibers (5) . If AMPK is proapoptotic in mature muscle fibers similar to other muscle cell types under some conditions (8) , then chronically elevated AMPK activity ((25); Fig. 1 ) may play a role in the age-related increase in apoptotic nuclei. In fact, we propose that any potential role of AMPK in aging multinucleated muscle fibers is more likely proapoptotic than antiapoptotic because of the following logic: 1) if myonuclear domain volume is to be kept constant, it is paradoxical to protect against nuclear death while selectively reducing protein synthesis and/or stimulating protein degradation; and 2) the potential antiapoptotic effects of AMPK in mononucleated cells is thought to enhance cell survival during times of brief energy deficit (8) , whereas apoptosis in multinucleated muscle fibers is more associated with atrophy than a risk of cell death (and lost nuclei can be replenished from the myogenic precursor cell pool when energy balance is restored). Moreover, although the extent of atrophy and/or nuclear apoptosis necessary to eventually achieve a ''threshold'' precipitating complete muscle fiber death is unknown, our data indicate a role for continuous AMPK activation in fiber atrophy and eventual fiber death, not fiber survival (Fig. 5 ). Because fiber atrophy and death are also characteristics of sarcopenic muscle (29) , the potential role of AMPK in mediating apoptosis in aged skeletal muscle fibers, either directly or indirectly (via fiber Figure 6 . Hypothetical paradigm of the potential causes and consequences of chronic 5 ¶ -AMPYactivated protein kinase (AMPK) activation in aged fasttwitch muscle fibers (relative to young adult muscle). Note that the AMPK ''set point'' is elevated with age regardless of the balance of other loading/ activity-related growth or atrophy signals and thus likely acts to accelerate atrophy in resting fast-twitch muscle and suppress growth in overloaded fasttwitch muscle. Because AMPK activity is only increased in resting and overloaded fast-twitch muscle, but not slow-twitch muscle (25) , this paradigm is hypothesized to be absent in slow-twitch fibers. MN indicates myonuclear; PD, protein degradation; PS, protein synthesis.
atrophy and the loss of myonuclear domains) demands further exploration.
SUMMARY AND FUTURE PERSPECTIVES
We have demonstrated that AMPK, a negative regulator of cell size that is sensitive to compromised energy balance, is up-regulated and negatively mediates overload-induced growth in aged fast-twitch muscle, likely in part by suppressing protein translation (25, 26, 30) . AMPK activity is also up-regulated with age in resting fast-twitch muscle (25) , and continuous stimulation of AMPK activity in resting muscle results in significant fiber atrophy and death (Fig. 5) , a characteristic of sarcopenic muscle. Based on collective data from us and others, we propose a partly hypothetical paradigm (Fig. 6 ) in which age-related alterations in energy balance result in chronic AMPK activation, which in turn plays an integrative role in negatively mediating muscle fiber size in resting as well as overloaded fast-twitch muscle.
The detrimental effect of chronic AMPK activation on fast-twitch muscle mass contrasts reported beneficial effects of repeated AMPK stimulation (via daily AICAR injections) such as increased mitochondrial enzyme and glucose transporter (GLUT4) expression (11) . Nevertheless, these effects fit the paradigm wherein AMPK stimulates energy-producing processes while suppressing cell growth and size to a more metabolically sustainable level. We postulate that chronic AMPK activation in aged fast-twitch fibers is a compensatory (and partly futile) attempt to rectify the insulin resistance, mitochondrial dysfunction (5), and compromised energy balance (3) observed in aging skeletal muscle. However, fiber atrophy and diminished capacity for growth are likely simultaneous consequences of chronic AMPK activation in aged fast-twitch fibers. Such potentially detrimental effects must be considered if AMPK is to be examined as a pharmacological target for metabolic diseases.
Many questions remain, such as the extent to which AMPK may control protein synthesis versus degradation and/or myonuclear addition versus apoptosis in aged fast-twitch muscle under various conditions. Potential regional AMPK activation within individual muscle fibers must be explored because local fiber atrophy and breakage have been shown to be colocalized with mitochondrial DNA mutations at different locations along the lengths of aged muscle fibers (12) . The local integration between mitochondrial dysfunction, mitochondrially regulated apoptotic signaling (5), energy balance, AMPK-induced atrophy, and potential AMPK-induced apoptotic signaling must also be teased out. Additionally, the potential for inherent age-related alterations in the AMPK molecule itself (such as AMPK subunit isoform switching leading to increased AMP sensitivity) and altered upstream AMPK kinase and phosphatase input (11) should be examined. Lastly, we must also note contrasting data from others who found exercise-and AICAR-induced AMPK activity to be unresponsive in aged fast-twitch muscles of Fisher 344 rats (22) . Because our findings are from Fisher 344 Â Brown Norway F1 hybrid rats (9,24Y26,30) , the effects of genetic differences may thus be important, and it is vital that the best animal model of skeletal muscle aging be determined.
